Background. Presatovir significantly reduced nasal viral load, signs, and symptoms of respiratory syncytial virus (RSV) infection in a human challenge study. We evaluated presatovir in hematopoietic-cell transplant (HCT) recipients with RSV lower respiratory tract infection (LRTI).
from 2003 to 2015, no patients with radiographic abnormalities consistent with LRTI but with RSV detected in upper respiratory tract samples only ("possible" RSV LRTI) died, but 28-day mortality was 26% in HCT recipients with probable or proven RSV LRTI [3] .
Despite RSV disease burden in HCT recipients and other high-risk adults, options for RSV prophylaxis or treatment in adults are limited. Aerosolized ribavirin is not indicated for RSV treatment in adults and is associated with concerns regarding difficulty of administration, adverse effects, and high cost [8, 9] . Although some centers report using aerosolized or oral ribavirin to treat RSV LRTI in adult HCT recipients, efficacy has not been demonstrated in a randomized controlled clinical trial [10, 11] . Palivizumab is used for prevention of severe RSV disease in high-risk children ≤24 months of age but is not effective as treatment for established infection in children or adult HCT recipients [12] [13] [14] . Thus, there is an unmet need for specific treatment for adults at risk for severe RSV infection.
Presatovir is a novel, orally available RSV fusion inhibitor under investigation for treatment of RSV [15] . Presatovir has a favorable safety profile in adult volunteers, and presatovir treatment reduced viral load and respiratory symptoms in healthy adults challenged with RSV [16] [17] [18] . Here the safety, tolerability, and efficacy of presatovir in naturally infected HCT recipients with RSV LRTI were evaluated.
METHODS

Patients and Study Design
This phase 2, randomized, double-blind, placebo-controlled, 2-group parallel study recruited HCT recipients 18-75 years of age from 17 centers in 5 countries (Supplemental material, Appendix). Patients presenting any time post-HCT with upper and lower respiratory tract RSV infection documented ≤6 days before start of study treatment and evidence of new abnormalities on chest X-ray obtained ≤48 hours from screening were eligible for inclusion. Lower respiratory tract involvement could be documented from induced sputum, bronchoalveolar lavage, or lung biopsy, but not spontaneous sputum. Patients with documented concurrent LRTI with other respiratory viruses were excluded. Full eligibility criteria are provided in Supplemental methods.
The study followed the International Conference on Harmonisation Good Clinical Practice guidelines and the principles of the Declaration of Helsinki and was approved by local ethics committees. Written informed consent was obtained from patients or legally responsible representatives. Data Monitoring Committee activities and changes to the study protocol are described in Supplemental methods. This trial was registered with ClinicalTrials.gov (NCT02254421) and EudraCT (2014-002475-29) before enrollment began.
Randomization and Masking
Patients were randomly assigned (1:1) to receive presatovir or placebo, stratified centrally by supplemental oxygen use (none to ≤2 L/min vs >2 L/min) and ribavirin use (prescribed at randomization, any route of administration) during the current RSV infection. The randomization schedule used permuted blocks of 2. Allocation was concealed by use of presatovir and placebo tablets with identical appearance. Study treatment assignment information was provided by an interactive web response system (Bracket Global, Wayne, PA, USA). Patients, all study staff, and sponsor were masked to study treatment.
Procedures
Patients received presatovir 200 mg (4 × 50 mg tablets) or placebo orally or via nasogastric tube every 4 days (±24 hours) during study visits on days 1, 5, 9, 13, and 17, and were followed through study day 28. Patients RSV-positive by local molecular testing on day 22 could participate in an optional extended weekly follow-up through day 56. A detailed schedule of study assessments and procedures is provided in Supplemental Table 1 .
For virology assessments, bilateral intranasal samples were obtained using midturbinate adult flocked swabs (Copan Diagnostics, Murrieta, CA, USA) at each study visit [19, 20] . Samples were analyzed using reverse transcription quantitative polymerase chain reaction (RT-qPCR) to determine RSV viral load, RSV sequencing of the F gene to evaluate development of resistance, and a multiplex assay to identify coinfections. All nasal samples were analyzed at central laboratories; further details are provided in Supplemental methods. Antibody titer and pharmacokinetic methods are described in Supplemental methods.
Clinical assessments included vital signs, weight, and oxygen saturation by pulse oximetry; laboratory safety assessments included complete blood counts and serum electrolyte and liver enzyme measurements. Patients were observed without oxygen supplementation at each study visit, and the lowest oxygen saturation during observation was recorded. Cardiac safety was assessed via local electrocardiograms and troponin testing on days 1, 17, and 28. Additional safety assessments included evaluation of adverse events (AEs) and documentation of all concomitant medications, hospitalizations, rehospitalizations, intensive care unit care, invasive and noninvasive mechanical ventilation, and supplemental oxygen use (≥2 L/min).
Outcomes
The primary endpoint was time-weighted average change in nasal RSV viral load measured by RT-qPCR (log 10 copies/mL) from day 1 to day 9. Key secondary endpoints were number of supplemental oxygen-free days [3] , proportion of patients developing respiratory failure requiring invasive or noninvasive mechanical ventilation, and all-cause mortality through day 28. Prespecified exploratory endpoints are described in Supplemental methods. Safety was assessed from AEs and clinical and laboratory parameters.
Statistical Analysis
Assuming time-weighted average change (standard deviation) in RSV log 10 viral load from day 1 to day 9 of -1.5 (1.75) log 10 copies/mL in placebo-treated patients, 25 patients per treatment group were planned to provide approximately 85% power to detect a ≥1.5 log 10 decrease in the primary endpoint in patients receiving presatovir relative to placebo using a 2-sided α of 0.05. We estimated 85% of patients would be evaluable and planned to enroll 60 patients.
The safety population included patients who received ≥1 dose of study drug. The efficacy population included safety population patients with quantifiable RSV viral load on day 1. Primary and secondary efficacy endpoints were analyzed in the efficacy population and post hoc in subgroups defined by supplemental oxygen use, ribavirin use, duration of RSV symptoms, graft-vshost disease (GVHD), lymphocyte count, and time from HCT to RSV infection on day 1.
The primary analysis tested superiority of presatovir vs placebo using parametric analysis of covariance using baseline viral load and randomization stratification factors as covariates with a 2-sided α of 0.05 (Supplemental methods). Number of supplemental oxygen-free days was analyzed using a negative binomial model with stratification factors as covariates and an offset parameter to account for on-study duration. Patients who died prior to day 28 or received supplemental oxygen on all days of the study period were assigned a value of 0 supplemental oxygen-free days. The proportion of patients developing respiratory failure of any cause requiring invasive or noninvasive mechanical ventilation through day 28 and allcause mortality through day 28 were analyzed using Cochran-Mantel-Haenszel tests adjusting for the stratification factors at the 2-sided 0.05-level, with 2-sided 95% exact confidence interval (CI) based on the Clopper-Pearson method for each treatment group. Where number of events was small, Fisher exact test was used.
A sequential testing procedure was used to control the Type I error rate of 0.05 across the primary and secondary endpoints [21] .
RESULTS
Patients
From January 31, 2015, to March 20, 2017, 71 patients were screened for eligibility and 11 were excluded, mostly due to lack of new radiographical abnormalities or inability to confirm lower respiratory tract RSV infection ( Figure 1 ). Sixty patients were randomized, of whom 31 were assigned to presatovir and 29 to placebo; 1 patient randomized to presatovir withdrew consent before receiving study drug. Notable protocol deviations are described in Supplemental results.
Patient demographics and baseline characteristics were generally balanced between study groups (Table 1) . Overall, the majority of patients (50/59; 84.7%) underwent allogeneic HCT and had chronic or acute GVHD (34/59, 57.6%). At start of study treatment, 53 (89.8%) patients were hospitalized for a median of 3 days (range, 0-133 days). Twenty-one (35.6%) patients required >2 L/min of oxygen supplementation, and 23 (39.0%) patients were prescribed ribavirin (any formulation). RSV LRTI was confirmed from induced sputum in 41 (69.5%) patients and by bronchoalveolar lavage in 18 (30.5%) patients. Median time from onset of RSV infection symptoms to start of study treatment was 5 days (range, 1-26 days). Infection was due to RSV A in 29 (49.2%) patients and RSV B in 28 (47.5%) patients; 2 (3.4%) patients (1 presatovir, 1 placebo) had missing day 1 RSV viral load data and were excluded from the efficacy population (N = 57). Median intranasal RSV viral load on day 1 was 6.36 log 10 copies/mL (range, 2.5-8.23 log 10 copies/mL).
Nine patients (3 presatovir, 6 placebo) prematurely discontinued study treatment, and 4 patients discontinued study participation before day 28 (1 presatovir, 3 placebo) ( Figure 1 ). Twenty-seven (90.0%) of 30 patients in the presatovir group and 23/29 (79.3%) patients in the placebo group completed treatment to day 17 ( Figure 1 ).
Efficacy Figure 2A -B shows median absolute RSV viral load and change from baseline at each study visit. Despite adequate plasma concentrations (Supplemental results and Supplemental Table 3 ), presatovir treatment did not significantly reduce time-weighted average change in log 10 RSV viral load from day 1 to day 9 (−1.12 [1.226] log 10 copies/mL versus −1.09 [1.028] log 10 copies/ mL; treatment difference, −0.02 log 10 copies/mL; 95% CI, −.62, .57; P = .94) compared with placebo ( Table 2) .
During the 28-day study period, 14/29 (48.3%) presatovirtreated patients and 12/28 (42.9%) placebo-treated patients required supplemental oxygen. Median (range) number of supplemental oxygen-free days was similar between presatovirtreated (26 [0-33] days) and placebo-treated (28 [0-30] days) patients (P = .84) ( Table 2 ). Three presatovir-treated patients (10.3%) and 3 placebo-treated patients (10.7%) developed respiratory failure requiring mechanical ventilation through study day 28 (P = 1.0). No presatovir-treated patients and 2 placebotreated patients (7.1%) died through day 28 (P = .24) ( Table 2) ; 1 death was due to respiratory failure. Exploratory efficacy outcomes are described in Supplemental results.
Primary and secondary efficacy endpoints did not differ appreciably between patients treated with presatovir relative to placebo in subgroups defined by absolute lymphocyte count on day 1, presence of GVHD, time from onset of RSV symptoms to study treatment, and timing of RSV infection after HCT (Supplemental Tables 6-9 ). Optional extended viral monitoring and serologic responses to RSV infection are presented in the Supplemental Results.
Sequencing of RSV F gene detected postbaseline amino acid substitutions at resistance-associated positions in 6/29 (20.7%) of presatovir-treated patients and 0/28 placebo-treated patients. These substitutions were detected a median of 25 (range, 7-56) days after start of treatment (Supplemental Table 10 ).
Safety
Twenty-four presatovir-treated patients (80.0%) and 23 placebo-treated patients (79.3%) experienced ≥1 AE, whereas 7 presatovir-treated patients (23.3%) and 7 placebo-treated patients (24.1%) experienced serious AEs (SAEs). Adverse events ≥grade 3 occurred in 7 presatovir-treated patients (23.3%) and 9 placebo-treated patients (31.0%). Individual AEs occurred in ≤10% of presatovir-treated patients ( Table 3) . Numerically more frequent AEs in patients treated with presatovir versus placebo were pneumonia, increased alanine aminotransferase, hypokalemia, nausea, acute sinusitis, and epistaxis (3 patients each, 10%), and increased aspartate aminotransferase, dry mouth, and increased alkaline phosphatase (2 patients each, 6.7%; Table 3 ). Except for SAE pneumonia in 3 presatovirtreated patients (10%), grade 3 or 4 AEs and SAEs occurred in 1 patient each and were numerically less frequent overall in patients treated with presatovir versus placebo (Supplemental  Tables 11-12 ). There were no significant imbalances in electrocardiogram and troponin results during the study. No patients treated with presatovir and 2 patients treated with placebo (6.9%) died during the 28-day study period; 1 death was due to respiratory failure and 1 to progressive acute leukemia. Another 2 patients (6.9%) who received placebo died after day 28, 1 of respiratory failure, and 1 of invasive fusariosis.
DISCUSSION
This is the first placebo-controlled clinical trial, to our knowledge, evaluating treatment of RSV LRTI with a new antiviral agent in HCT recipients. Presatovir had a favorable safety profile and was well tolerated but did not decrease timeweighted average change in nasal RSV viral load from day 1 to day 9, number of days with supplemental oxygen use, or frequency of respiratory failure or mortality relative to placebo. In contrast, presatovir treatment significantly reduced viral load, clinical signs, and symptoms of experimental RSV infection in healthy volunteers treated upon detection of RSV replication [16] . Potential explanations for this discrepancy have important implications for design of clinical trials evaluating antiviral treatments for RSV infection in HCT recipients and other patient populations.
In the past 5 years, treatment with a fusion inhibitor or nucleoside polymerase inhibitor significantly reduced RSV viral load, signs, and symptoms in 3 challenge studies in healthy human volunteers [16, 22, 23] . However, clinical trials of presatovir conducted in multiple different patient populations, including this study and a companion URTI study (Chemaly et al [24] , this issue), indicate difficulties remain in translating challenge study results to successful clinical trials in patients with natural infection [25, 26] . One partial explanation is the challenge model's inconsistent representation of the natural infection setting. Challenge study volunteers were inoculated intranasally with RSV, then monitored for nasal RSV replication with twice-daily nasal washes that were immediately evaluated with molecular assays for RSV [16, 22, 23] . Antiviral treatment was initiated 6-24 hours after RSV detection, generally several days before peak viral load and prior to manifestation of significant clinical signs and symptoms [16, 22, 23] . In the present study, patients with naturally acquired RSV LRTI received presatovir later in the disease course compared with challenge study subjects (median [range], 5 days after symptom onset); delay was also observed in the URTI trial (median [range], 4 [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] days) and other studies of presatovir in natural RSV infection [25, 26] . Because clinical signs and symptoms tend to correlate with nasal viral load [16, 22] , these patients presumably presented near or more likely after peak nasal viral load, potentially beyond the therapeutic window for presatovir even in immunocompromised patients. Host immune-mediated clearance of the virus at this stage may also mask treatment-induced reduction in viral load. Thus, treatment delay may explain lack of presatovir efficacy in the current study.
The mechanism of action of presatovir may also have limited efficacy in this study. Because RSV is capable of cell-to-cell spread, inhibition of viral fusion may not halt propagation of established infection along the respiratory tract. Therefore, fusion inhibitors, such as presatovir, may need to be administered, whereas virus-cell fusion still represents the main mode of viral spread to appreciably reduce nasal viral load. Emergence of F gene protein amino acid substitutions associated with fusion inhibitor resistance was also relatively frequent (21%) in this immunocompromised population. Polymerase inhibitors can terminate intracellular RSV replication and may have wider Data are n (%) unless otherwise specified.
Abbreviations: CMV, cytomegalovirus; GVHD, graft-vs-host disease; HCT, hematopoietic cell transplant; LRT, lower respiratory tract; max, maximum; min, minimum; RSV, respiratory syncytial virus. a On the day of the first dose of study drug, 11 patients receiving presatovir and 10 patients receiving placebo were being treated with ribavirin. Current or intended use of ribavirin on day of randomization was used to stratify randomization. b
These patients were excluded from the efficacy population. c For these values, n = 29 for the presatovir arm and n = 28 for the placebo arm. [27] . However, no polymerase inhibitor has demonstrated clinical efficacy in a natural infection setting to date. Furthermore, nasal viral load is questionable as a primary endpoint for proofof-concept studies in naturally infected patients with LRTI because upper respiratory tract samples, although more convenient to obtain, may not reflect viral activity in the lower respiratory tract, particularly in immunocompromised patients. Alternative approaches are needed for noninvasive measurement of viral disease dynamics and antiviral activity in lower airway and alveolar tissue.
The findings of this trial call into question whether appearance of new radiological opacities with documentation of RSV in the upper or lower respiratory tract accurately classifies patients with RSV infection. This approach may be satisfactory for retrospective studies but inadequate as an enrollment criterion for prospective clinical trials. Radiographic findings in adults with RSV LRTI confirmed from a lower respiratory tract specimen are not well characterized, and radiographic abnormalities in these patients may be caused by other viruses, bacteria, or fungi-particularly in immunocompromised patients-or even noninfectious processes. As RSV chiefly affects airway epithelium [28] , RSV LRTI could manifest without radiographic findings, and present only as lower airway symptoms (eg, wheezing or obstructive spirometry pattern). Furthermore, the degree of lung injury in patients with RSV LRTI may not be reversible by antiviral treatment alone. These issues will need to be considered in future clinical trials.
The lack of clinical benefit in this study may also relate to the selected clinical endpoints, which occurred at lower-thananticipated rates that decreased power to detect a treatment effect. Although all subjects enrolled in the current study met Waghmare et al's criteria for proven or probable LRTI, median number of supplemental oxygen-free days through day 28 was much higher (26 and 28 days for presatovir-treated and placebo-treated patients, respectively, vs 17 days), and fewer patients required >2 L/min supplemental oxygen at baseline (35.6% versus 57%) relative to patients who presented with or developed LRTI in the Waghmare study [3] . Furthermore, lymphopenia is a major risk factor for RSV infection and subsequent poor outcomes in HCT recipients [2, 4, 29] , but only 4/47 patients with available data in the current study were lymphopenic (<200 cells/mm 3 ) at baseline, possibly because RSV infection occurred relatively late after HCT (median, 485 vs 129 days in the Waghmare study). These differences could be due to limited enrollment of patients perceived as fragile because of the requirement for lower respiratory sampling to confirm RSV LRTI. Enrichment of the study population for immunosuppressed patients should be considered in future clinical trials of therapies for RSV infection in HCT recipients.
In summary, presatovir treatment was generally well tolerated in HCT recipients with naturally acquired RSV LRTI but did not achieve virologic or clinical endpoints. The tendency of adults with naturally acquired RSV infection to seek treatment only after several days of symptoms, when the treatment window may have closed for fusion inhibitors in particular, is a challenge for clinical trials of RSV-specific antiviral therapies. The numerically lower rate of pulmonary complications in the presatovir URTI trial suggests that early treatment, before LRTI develops, is key for success in future studies. Acute kidney injury 0 2 (6.9)
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